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This 1s a two part report.

ABSTRACT

ii

The first part is concerned with the characteristics of conical

spiral antennas constructed with zigzag, i.e., slow-wave geometry, arms.

This construction permits a reduction in size of approximately 15 percent

below that required for the conventional antenna.

It also increases the

pattern beamwidth and lowers the characteristic impedance.

In part 2, a 2 1/4-turn monofilar conical helix, fed at the base of

the cone against an inner metal core, was investigated. This small cir-

cumference (approximately 1/4 wavelength) antenna can be made to be an

axial radiating structure, while the conventional helix of this size

radiates a maximum of energy broadside to the antenna axis.

Accepted for the Air Force
Joseph J. Whelan, USAF

Acting Chief, Lincoln Laboratory Liaison Office
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INTRODUCTION

The logarithmic spiral antennas have found extensive use because of
their very wide bandwidth and excellent circular polarization properties.
These structures are not small in wavelengths, however, and for many
practical applications an attempt at size reduction seems justified. This
problem could be attacked by loading the antenna with dielectric or ferrite
material and there have been several extensive studies of loading carried
out. Possibly the best known, in the unclassified literature,is the work
at the University of Michigan.(l)

For the past year we have been concerned with a second attack, namely
constructing the antennas in a slow-wave geometry. This problem was
briefly looked at here at the University of Illinois a number of years
ago and at other places, but with the exception of a paper on the flat
spiral antenna(z) there is little quantitative information available in
the open literature.

The investigation thus far has been limited to the use of a zigzag
geometry on conical logarithmic spiral antennasgs)Several families of
conical spiral antennas with a suitable range of parameters have been con-
structed and investigated, by measuring the amplitude and phase of the
near fields along the surface of the antenna, and relating this information
to far field radiation pattern measurements. This information has been
supplemented by VSWR and impedance measurements.

We have constructed these antennas with the arms following a zigzag

path within the envelope formed by the edges of a conventional wide arm

conical log-spiral antenna. The '"'geometric slowing factor'" has been defined

to be the ratio of the path length along the zigzag path, between two




radius vectors on the antenna, to the path length along the center line
of the conventional spiral geometry between the given radius vectors.
This slowing factor can be varied by varying the angular width of the
envelope which bounds the undulating geometry, or by changing the period
of the path.

In this investigation we have defined an "electrical slowing factor"
to be the ratio of the measured propagation constant along the modified
(i.e., zigzag ) antenna to that measured along the unmodified antenna.
We have observed a large difference between the geometric and electric
slowing factors.

Based upon this information we have used this slow-wave geometry to
design one version of a slow wave conical helix antenna fed against an
inner metal cone. This report is divided into two parts. The first
deals with the conical spiral antennas. The second with the preliminary

investigation of the slow-wave conical helix.

PART I - THE SLOW-WAVE CONICAL SPIRAL

1.1 The Conical Log-Spiral Parameters

The radiating characteristics of the conical log-spiral antenna are

dependent upon the physical parameters indicated in Figure 1. The principle

parameters are the base diameter in wavelengths, the included cone angle
2 90; the angular arm width § ; and the rate of wrap a. The angular arm
width § is defined as the projection of the angle &' (see Figure 1) on a

plane perpendicular to the axis of the cone. The angle of

wrap o is the angle between the spiral and a radius vector extending from

the tip to the base along the surface of the cone, the angle being measured

clockwise from the radius vector.




Figure 1. Conical antenna with associated parameters.




The antennas referred to in this report are identified in the following
manner:
2C - 10 - 70 - 90 - 15/30 - 2.0
1 2 3 4 5 6

1 - Two arm conical

2 - Included cone angle of 10°

3 - Angle of wrap, a

4 - Angular width of spiral arm for the conventional antennas.

For the =zigzag structures:

4 - Represents the angular width of the spiral envelope of the undulating
arm (see Figure Al of Appendix A).

5 - The first number, i.e., 15 in this case represents the actual angular
arm width of the undulating arm, the second number, i.e., 30 represents
the angular width of one cycle of undulation. In this study we have
used two arm widths, 7.5 and 15°).

6 - The geometric slowing factor as calculated (see Appendix C).

Variation in the angle of wrap, o, was limited to the angles 65° and
70°. An included cone angle of 10° and a base diameter of 7 in. were chosen.
This is obviously a limited range of parameters. Their choice was

dictated with an ultimate application in mind.

1.2 The Slow-Wave Geometry

Four slowing factors were chosen for each family of antennas (o = 65° and
70°) to determine how these factors would affect the required size of the
antenna. The geometry to give these slowing factors is discussed in detail
in Appendix A. Two arm widths were chosen for each slowing factor to

determine the effect of this parameter. Each slow-wave antenna was compared




to the appropriate normal complementary conical spiral arm antenna (§' = 90°)
since this antenna can conveniently be taken as an optimum design for any
rate of wrap, a. The slow-wave antennas were also compared to spiral
antennas with arm widths equal to the two slow-wave arm widths (the deter-
mination of these widths is discussed in Appendix B). Figure 2 shows a
family of slow-wave antennas and Figure 3 shows one slow-wave antenna
between an antenna with spiral arm width equal to the envelope of the
slow-wave geometry and an antenna with spiral arm width equal to the arm

width of the slow-wave structure.

1.3 Near Field Measurements

1.3.1 Amplitude Measurements

It is known that the current flowing from the point of excitation (the
apex) of the conical antenna, passes through a transmission line type
region to a region where there is rapid radiation of energy into space.
This latter, the active region, is fairly well defined and for normal
operation of the antenna, a constant distance from the true apex of the

4)

cone in wavelengths. Measurements were made to provide a comparison
of the near fields of the slow-wave structure to those on the corresponding
conventional conical antennas.

The fields near the surface of the antenna were measured with an
electric field, or charge, probe as shown in Figure 4. The variable choke
was adjusted to a quarter-wave length, and absorbing material was placed
on the probe line to  supress induced currents. The probe was positioned
to be perpendicular to the surface and moved on a path parallel to the
surface of the cone, at a spacing of 0.045 X\ from the surface, by a carriage

mechanism that was synchronized to the X-axis of an X-Y plotter. The entire

arrangement of the test equipment system for measuring amplitude and phase

is shown in Figure 5.




Figure 2. Family of zigzag antennas, o = 70°, with slowing factors
of 2.0, 2.5, 3.0, and 3.5 (from left to right).




Figure 3. Complementary (§' = 90°), thin zigzag, and
"equivalent" (§' = 16°) spiral antennas for
o= 65°.
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Figures 6 and 7 show the relative amplitudes of the normal component
of the electric field near the surface of the cones of two normal spiral
arm antennas with an angle of wrap o = 65°, 8 = 90° and 16° compared to
the amplitude of these fields on a wide and thin arm slow-wave antenna
(widths of 15/30 and 7.5/30), both with the same geometric slowing factor.

The first portion of these curves is characteristic of the transmission
line region on the log-spiral antennas. The fields are tightly bound to
the structure and little energy is coupled to the probe. Farther from
the apex of the antenna,the fields become more loosely bound and energy is
more efficiently radiated. Considering as an example the curve for the
2C - 10 - 65 - 90 antenna in this figure, the region from approximately
.63 to 1.4 wavelengths from the apex could be defined to be the active
radiating region. This would be in agreement with previous studies.(4)
This definition is based upon the approximate points where the near fields,
as measured here, are 3 dB below the maximum recorded level on the apex
side of the maximum, and 15 dB below this maximum on the base side. The
antenna current in this region determines, to a first order, the radiating
characteristics of the antenna. It is obvious that the active regions of
the slow-wave antennas are displaced toward the apex, and since the antennas
can be truncated at a size such that near fields have decayed approximately
15 db below the recorded maximum, a smaller size structure should be possible
for any frequency of normal operation.

The curve for the narrower arm antenna (7.5/30) shows the greatest
shift. Figures 8 and 9 represent similar plots of the measured charge
distribution for antennas with a slightly tighter wrap (o = 70°). In these
and all other near field amplitude and phase plots, the curves start at

the truncated tip of the antenna cone and end at the base of the cone.
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Also noticable, and this characteristic is present when these antennas
are 'loaded" by any means, the active region is slightly wider on the slow-
wave antennas than it is for the conventional antenna. This will tend to
broaden the radiation pattern(4) and mean that the bandwidth will be reduced
for any fixed size structure.

Figures 10 and 11 show the calculated electric slowing factor versus
the geometrically designed slowing factor for the two angles of wrap, as
compared to the complementary (§' = 90°) spiral arm antenna and the antennas
of angular spiral arm widths equal to the two zigzag arm widths. (See
Appendix C for calculation method). It is apparent that the narrower arm
geometry (7.5/30) is a slower wave structure than the wider arm geometry.
However, there is a wide discrepancy between the electric and geometric

*
slowing factors.

1.3.2 Phase Measurements

The relative phase of the normal component of the electric field
along a radial line near the surface of the cones was measured. As a
reference,the relative phase measured on the conventional spiral antennas
is plotted in Figures 12 and 13. The small arrows on these curves in-
dicate the distance from the apex where the measured amplitude of these
fields were 3 dB down on the apex side, and 10 and 15 dB down from the
recorded maximum on the base side, of this maximum. There is an essentially
linear change in phase over the active region, with little dependence upon
the three arm widths which were investigated.

Figures 14 thru 17 show the measured phase along the slow-wave spiral
antennas. Figures 18 and 19 show a direct comparison between the con-

ventional antennas and antennas with a slowing factor of 2.5.

*For each angle of wrap o, there was one antenna corresponding to a par-
ticular geometric slowing factor where the data were not in accord with
the trend of the curve. These points were plotted in Figures 10 and 11

but were omitted from consideration. The top point refers to the top curve, etc.
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We note that there is a displacement in some of the curves indicating
that the guide wavelength along the surface has been reduced, causing the
shift of the active region towards the apex. Thus the active region begins

and ends at smaller radii, yielding a smaller antenna. This corroborates

the near-field amplitude data.
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1.4 Far-Field Measurements

1.4.1 Radiation Patterns

Radiation patterns were recorded for the conventional, or "control"
antennas, and the slow-wave antennas at 800 MHz. At this frequency the
base diameter was approximately 0.47 wavelengths and all of these antennas
snould be operating in a normal "frequency independent mode", i.e., with
a very minimum of tip or base truncation effects. Patterns were recorded
for two planes of constant angle ¢. The antennas were illuminated by a
linearly polarized field with constantly rotating plane of polarization.
The patterns are plotted in decibels and hence the width of envelope of
the excursions of the pattern,at any angle 6,is the axial ratio in dB of the
antenna at that angle of incidence.

Patterns for a conventional antenna with spiral angle o = 65°and a
slow-wave antenna with a = 65° and a slowing factor of 3.5,are shown in
Figures 20 and 21. Similar patterns for o = 70° antennas are shown in
Figures 22 and 23.

The increase in beamwidth, as the arms are constructed in a slow-
wave geometry, is obvious. The wider beam width and '"rougher' patterns
result from the broadening of the active region.(4) A fairly complete
set of radiation patterns for the range of parameters which was investigated
is included as Appendix D.

The measured maximum 3 dB and 10 dB beamwidths of the o = 70° antennas
are plotted in Figure 24. The conventional antennas (no slowing) with
§'= 90°, are plotted along the left axis (a slowing factor of 1.0). The
slow-wave structures with the wider arms (15/30) showed less change with

increased slowing than the thin arm (7.5/30). This effect was noted
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in the near field measurements. This effect can possibly be due to two
things. First, it seems possible that the antenna current follows along
the shortest possible path down the antenna. It apparently is concentrated
along the inner edge of the undulation, and a thinner arm width (constructed
as these antennas were) causes this inner edge to be a longer path. Secondly,
the wider arm width causes adjacent segments of arms to be closer and the
capacitive coupling from segment to segment is greatly increased.

The patterns of the o = 65° antennas were rougher than those for
the a = 70° antennas, and this trend continues for still more loosely
wrapped antennas. As a result the trend in beam widths was not as con-
sistent for the a = 65° antennas, and only the data for the o = 70° is

condensed on Figure 24.

1.4.2 Relative Gain

For application of these antennas at wavelengths long for the size
of the structure,the relative gain on axis becomes important. To obtain
information on this gain,sweep frequency measurements were made from
250 to 900 MHz, where the base diameter of these antennas varied from
approximately .15 to .54 wavelengths. The antennas were illuminated
with a linearly polarized incident field with the plane of polarization
constantly rotating. The magnitude of the signal received by the antenna
under test was recorded where this field was incident upon the apex of the
cone (B = 0°),and incident upon the base of the cone (6 = 180°).Figure25
shows a plot of this recorded data for a conventional antenna (2C-10-65-90).

Similar plots were made for the slow-wave antennas.
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At about 340 MHz the front-to-back ratio had decreased to 2 dB and
since at lower frequencies the traces for front (6 = 0°) and back (6 = 180°)
radiation merge and become difficult to distinguish, the plot of the back
radiation (6 = 180°) is shown only for higher frequencies. The exact cut-
off point for this and later plots for other antennas is arbitrary and
is only a very rough basis for comparing antennas.

It should be noted that the generator exciting the source antenna was
not leveled and the source antenna (an LPDA) did not have a constant gain.
Hence the reader must exercise caution in interpreting this type plot.
However,since the test conditions were held constant for all antennas,a
direct comparison between plots for different antennas is valid. 1In
addition,each plot contains much information.

The width of the envelope of each trace is the axial-ratio indB.

The front to back ratio in dB is readily available. The ''broadband power
gain" at base diameters of approximately .147, .235, and .475 wavelength
(i.e., 250, 400 and 800 MHz) can be readily determined since at these
wavelengths the linearly polarized isotropic level is indicated by a
small X.

By current IEEE Standards definition, the power gain of an antenna
is an inherent property of the antenna and it does not involve system
losses arising from mismatch of impedance. We here are interested in the
broadband unmatched properties of the antenna, so mismatch loss to a 50 ohm
system is included in the data. We thus have defined the 'broadband power
gain'' to be the conventional power gain modified by mismatch loss.

This broadband power gain (BBPG) can be determined at the three
mentioned wavelengths by adding the power in the two orthogonal components

of the elliptically polarized response and comparing this to the isotropic

.




level. Table No. 1 has been calculated to make this convenient. The
axial ratio in dB, is read from the recorded plot. Table No. 1 is
entered at this axial ratio and a correction term (C) indicating the
relative power in dB in the smaller of the two orthogonal circularly
polarized field components is determined. This correction term is
added to the maximum recorded level at that point on the plot, to

determine the total power received (or radiated in the transmitting

case). The difference between this total power level and the isotropic
level is the broadband power gain of the antenna in dB. Thus the BBPG
for the antenna of Figure 25 is approximately -4.6, +5.0, and +4.1 dB
at 250, 400, and 800 MHz.

A similar plot for a thin arm (§' = 16°) conventional antenna with
the same rate of wrap is shown in Figure 26 and for a slow-wave structure
with this same equivalent arm width (§' = 16°) and a slowing factor of
3.5 is shown in Figure 27.

To evaluate the performance of the slow-wave antenna we can compare
it to the §' = 90° antenna (the "optimized" antenna) as in Figure 28 and
to the §' = 16° antenna as in Figure 29.

There is a significant increase in energy radiated on-axis at the
very long wavelengths from the slow-wave antenna. As will become evident
in the next section, this increase in the BBPG is primarily due to a
better impedance match to a 50-ohm system, and hence less energy reflected
at the antenna terminals.

Figures 30 through 34 show these on-axis response curves for a
conventional §' = 90°, 8§' = 21° and a slow-wave antenna, all with an

angle of wrap, a, of 70°.

Response curves for other antennas in the two families which

were tested are included in Appendix E hereto.
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FiEure 26

Relative amplitude of axial radiation from conventional
adnical spiral antenna, a = 65°, &' = 16°. Data recorded
with rotating linearly polarized receiving antemna. Data
points indicated by x are isotropic levels.
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Figure 27 Relative amplitude of axial radiation from slow—wave conical spiral o
antenna, a = 65*, arm width (7.5/30), slowing factor 3.5. Data
points (x) are isotropic levels.
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Figure 28 Data from Figures 25 and 27 superimposed to indicate relative
amplitude of radiated fields from conventional complementary
arm antenna (6' = 90°) and slow-wave antenna.
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Figure 29 Data from Figures 26 and 27 superimposed to indicate relative
amplitude of radiated fields from conventional narrow arm
spiral antenna (§' = 16°) and equivalent arm width slow-wave
antenna.
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Figure 30

Frequency in MHz

Relative amplitude of axial radiation from conventional
conical spiral antenna, a = 70°, &' = 90°. Data recorded
with rotating linearly polarized receiving antemna. Data
points (x) are isotropic levels.
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